Introduction
Amperometric biosensors for hydrogen peroxide have been of great intesest for a long time. Most of these sensors employ horseradish peroxidase (HRP) as a biocatalyst and have gained great success. [1] [2] [3] Since HRP is expensive and unstable in solution, 4 it is essential to find another protein as a substitute of HRP to realize a similar biocatalysis function. It is well known that the bioactive center of HRP is its heme group, 4, 5 which can catalyze the reduction of H2O2. Thus, the use of hemoglobin containing four heme groups as peroxidase has become an attractive research area, due to its low cost and stable property in solution. 4 It has been used as a mimetic enzyme of HRP for the construction of a hydrogen peroxide biosensor. 6, 7 The immobilization of enzyme or protein is an important step in the fabrication of a biosensor. Molecular self-assembly has become a popular surface derivation procedure, mostly owing to its simplicity and versatility in establishing a highly ordered arrangement of enzymes on a molecular scale as a means of preparing modified surfaces. 8 Moreover, these enzyme biosensors fabricated with a self-assembly technique can dramatically reduce any non-Faradaic background currents, and possess a high sensitivity and a short response time. 2 Usually, the self-assembling process occurs between thiol-or aminecontaining compounds and gold substrates. 2, 9 Recently, the modification of highly ordered mono-or multi-layers on a carbon materials surface has been paid great attention due to the potential of such materials as replacements for precious metal electrodes. 10 One of these modifying methods is the covalent grafting of an amine-containing compound on a glassy carbon surface via electrooxidation. The modified precursor film, formed by the electrooxidation of an amine-containing compound on GCE, is useful and promising to serve as a versatile surface for electroanalysis and a biosensor. For example, the Dong research group 11 covalently grafted 4-aminobenzoic acid (4-ABA) on GCE by an amino cation radical method to fabricate a silicotungstic heteropolyanion-containing multilayer film, which showed remarkable electrocatalytic activities for HNO2, BrO3 − and H2O2. Following this report, they attached gold nanoparticles on a sulfhydryl-terminated monolayer to investigate the direct electrochemistry and electrocatalytic behavior of hemoglobin. In this work, a covalent grafting method was also used to functionalize a GCE surface with 4-ABA for further covalently bonding this sulfhydryl-terminated monolayer. 12 Diaminoalkane, another amine-containing compound, is often used as a spacer between the electrode surface and electroactive species 13, 14 to bridge the gap between the active centers of the enzyme and the electrode material. Their covalent grafting on a GCE surface is gaining attention, since it could overcome the limitation of cross-linking and electrostatic adsorption. Usually, a cross-linking method is complex, and the efficiency is low. The stability of a diaminoalkane film obtained by electrostatic adsorption is poor. Liu et al. 15 reported a one-step covalent grafting of diaminoalkane on GCE in an absolute ethanol solution. One amino group of diaminoalkane is oxidized to become a cation radical, and is then covalently attached to a GCE surface, while the other exposed amino group can be further modified with ferrocene acetic acid via covalent binding and heteropolyanion P2W8 by an electrostatic interaction, respectively.
Gold nanoparticles (GNPs), as an interesting chemical, have been extensively used as immobilization matrix of enzymes and proteins in biosensors.
1,2,5,12 Also, in previous work, we have employed GNPs for immobilizing HRP 16 and Hb 17, 18 to construct A facile strategy of an amperometric biosensor for hydrogen peroxide based on the direct electrocatalysis of hemoglobin (Hb) immobilized on gold nanoparticles (GNPs)/1,6-diaminohexane (DAH) modified glassy carbon electrode (GCE) has been described. A uniform monolayer film of DAH was initially covalently bound on a GCE surface by virtue of the electrooxidation of one amino group of DAH, and another amino group was modified with GNPs and Hb, successively. The fabrication process was characterized by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM). The proposed biosensor exhibited an effective and fast catalytic response to the reduction of H2O2 with good reproducibility and stability. A linear relationship existed between the catalytic current and the H2O2 concentration in the range of 1.5 × 10 −6 to 2.1 × 10 −3 M with a correlation coefficient of 0.998 (n = 24). The detection limit (S/N = 3) was 8.8 × 10 −7 M. hydrogen peroxide biosensors. Such methods as the selfassembly of l-cysteine on a gold electrode surface, 16 the electropolymerization of p-aminobenzene sulfonic acid (p-ABSA) on a platinum disk electrode, 17 and coating a suspension of MWNT onto a GCE surface, 18 were adopted to obtain precursor films for immobilizing GNPs in the above mentioned biosensors. With interest in the application of aminefunctionalized GCE by a covalent grafting method in electrocatalysis and electroanalysis, in this work 1,6-diaminohexane (DAH) was first covalently grafted onto a GCE surface by virtue of the electrooxidation of one of its amino groups. Then, GNPs and Hb were successively immobilized through another of its amino groups. This proposed strategy for the preparation hydrogen peroxide biosensors is simple. Furthermore, the resulting biosensor exhibited an effective and fast catalytic response to the reduction of H2O2 with good reproducibility. Actually, this biosensor showed better stability than that based on the immobilization of Hb on a gold nanoparticles/cysteine/poly(p-aminobenzene sulfonic acid)-modified platinum disk electrode. 17 To our knowledge, up to now, no similar construction strategy has been reported.
Experimental

Reagents
Hb, DAH, chloroauric acid tetrahydrate (HAuCl4·H2O) and sodium citrate were obtained from Sigma (St. Louis, MO, USA). Hydrogen peroxide (H2O2) (30% w/v solution) was purchased from Chemical Reagent Company (Chongqing, China). All other chemicals were of analytical grade and used as received. The more diluted H2O2 solutions were diluted from a 30% H2O2 solution, and their concentrations were determined by titration with a potassium permanganate solution. Phosphate buffer solutions (PBS) with various pH values were prepared with 0.1 M KH2PO4 and 0.1 M Na2HPO4 (containing 0.1 M KCl as supporting electrolyte). Gold nanoparticles were produced by reducing HAuCl4·4H2O with sodium citrate at 100˚C for half an hour. 19 The mean size of prepared gold nanoparticles was about 16 ± 1 nm, estimated from transmission electron microscopy (the graph not shown). Doubly distilled water was used throughout.
Apparatus
Cyclic voltammetry (CV) and chronoamperometry (CA) scans were carried out on a CHI 660A electrochemical work station (Shanghai Chenhua Instrument Co., China). A three-electrode electrochemical system with a platinum wire auxiliary electrode, a saturated calomel electrode (SCE) as a reference electrode and a modified GC electrode as a working electrode was employed. All potentials were measured and reported versus the SCE. Test solutions were deoxygenated by highly pure nitrogen for 10 min before electrochemical experiments, and a nitrogen atmosphere was kept during the measurements. All electrochemical experiments were carried out at room temperature.
The size of the GNPs was estimated by transmission electron microscopy (TEM) (H600, Hitachi Instrument, Japan). Scanning electron microscopy was conducted with a scanning electron microscope (SEM, S-3400, Hitachi, Japan). Electrochemical impedance spectroscopy (EIS) measurements were carried out with a Model IM6e (ZAHNER Elektrick Co., Germany) with a 5. 
Electrode modification
A glassy carbon electrode (GCE) (4 mm in diameter) was first polished with 0.3 and 0.05 μm alumina slurry, respectively, and ultrasonically cleaned in ethanol and water and dried in air. It was then immersed into absolute ethanol of 2 mM DAH + 0.1 M LiClO4, and subjected to cyclic scanning in the range of 0.2 -1.6 V, and rinsed with ethanol. The electrode was then sonicated with ethanol and water and transferred into a solution with GNPs for 6 h. Subsequently, it was immersed in Hb (5 mg/mL) PBS (pH 6.0) at 4˚C for 12 h. Thus, an Hb/GNPs/DAHmodified GCE was obtained. The preparation process of the modified electrode is shown in Scheme 1. The resulting electrode was stored in a refrigerator at 4˚C when not in use.
Results and Discussion
Covalent grafting of DAH on GCE
Covalent binding of DAH on GCE was performed in a absolute ethanol solution containing 2 mM DAH + 0.1 M LiClO4 by cyclic scanning in the range of 0.2 -1.6 V. A broad and irreversible oxidation peak was observed at 1.26 V (data not shown), which is similar to the oxidation of 1,10-diaminodecane (DAD). 15 The reaction process is attributed to the oxidation of one amino group of DAH to an amino cation radical, then forming carbon-nitrogen bonds on the GCE surface. 10 The obtained film was very stable, and the exposed amino group of DAH could be used as reactive groups for the attachment of GNPs, owing to the high affinity of amino groups for GNPs.
UV-Vis spectra analysis of the interactions between Hb and GNPs
Since the Soret absorption band of heme may provide information about the possible denaturation of a heme protein, 20 UV-Vis spectroscopy was performed to investigate the interaction of GNPs with Hb (data not shown). As reported in our previous paper, 17 for Hb alone, the Soret band was located at about 416 nm. When Hb was mixed with GNPs, the position of the Soret band moved to 414 nm. Because only two nanometers shifted in the Soret band, it suggests that the secondary structure of Hb after being mixed with GNPs is similar to the native state of Hb alone. Furthermore, by comparing the absorption band of gold nanoparticles (518 nm) with that of a mixture of Hb and GNPs (522 nm), we could know that there is some specific interaction between GNPs with Hb.
Cyclic voltammetric characterization
The cyclic voltammetric characterization experiments of a stepwise modifying process were carried out in a 5 mM [Fe(CN)6] 3−/4− PBS solution. Figure 1 shows cyclic voltammograms (CVs) of bare GCE (a), DAH/GCE (b), GNPs/DAH/GCE (c) and Hb/GNPs/DAH/GCE (d), respectively. Well-defined CVs, characteristic of the diffusion-limited redox process, were observed at a bare GCE (Fig. 1a) . When a DAH monolayer film formed on GCE, cathodic and anodic peak currents obviously decreased (Fig. 1b) . The reason is that the immobilized DAH blocks electron transfer. After the GNPs were chemisorbed on DAH (Fig. 1c) , increasing cathodic and anodic peak currents were observed, which are attributed to the good conductive properties of GNPs. At the last step of assembly, Hb was adsorbed onto GNPs (Fig. 1d) and the cathodic and anodic peaks were lower than those of Fig. 1c , indicating that the hydrophobic layer of the protein insulates the conductive support and perturbs interfacial electron transfer.
Electrochemical impedance spectroscopy (EIS) characterization
EIS is an effective method to probe the interface properties of surface-modified electrodes. Thus, it was used to monitor the assembly process. The semicircle portion in the EIS corresponds to the electron-transfer-limited process, and the semicircle diameter equals the electron-transfer resistance (Ret). As shown in Fig. 2 , curve a presents a small semicircle domain with a diameter of 342 Ω, implying a low Ret on bare GCE. When DAH was grafted onto GCE, the diameter of the semicircle increased to 2711 Ω (curve b in Fig. 2 ). This increase is attributed to the non-conductive properties of DAH, which would obstruct electron transfer of the electrochemical probe. Compared with the DAH modified electrode, a GNPs/DAH modified electrode showed a lower interfacial Ret (Ret = 2261 Ω, Fig. 2 curve c) , suggesting that GNPs are beneficial to electron transfers. After Hb was adsorbed onto GNPs, the EIS of the resulting film displayed an obvious increase in Ret (Ret = 4779 Ω, curve d in Fig. 2 ), which is due to the non-conductive properties of Hb, as observed in CVs.
Scanning electron microscopy (SEM) characterization
The surface morphology of different modified films was observed with SEM. Figure 3 illustrates typical SEM images of GNPs/DAH and Hb/GNPs/DAH film, respectively. Compared with the SEM image obtained for GNPs/DAH (Fig. 3A) , the SEM image of Hb/GNPs/DAH film (Fig. 3B) obviously changed. The SEM image of GNPs/DAH film presented an irregular particle structure due to the coat of DAH and GNPs. However, when Hb was assembled onto GNPs/DAH film, the particle structure became blurry and the surface became relatively smooth in the SEM image.
Electrocatalysis of H2O2 on Hb/GNPs/DAH/GCE
Although the direct electrochemical response of Hb can be observed on some electrodes, 6, 12 no characteristic peak for Hb appeared in the CVs with the Hb/GNPs/DAH/GCE in a PBS solution at pH 7.0 (Fig. 4 curve a) . While 0.7 mM H2O2 was present in the solution, noticeable cathodic currents could be observed, starting at −0.35 V (Fig. 4 curve b) , indicating a reduction of H2O2 on this electrode. In order to evaluate the catalysis performance of Hb/GNPs/DAH/GCE, we compared the response of different modified electrodes, including DAH/GCE (a), GNPs/DAH/GCE (b) and Hb/GNPs/DAH/GCE (c) to successive additions of 0.014 mM H2O2 in PBS (pH 7.0) with chronoamperometry (Fig. 5) . As can be seen, an extremely weak response for H2O2 was observed at a DAH modified electrode (curve a in Fig. 5 ). At the same time, the response current of GNPs/DAH/GCE to H2O2 was also relatively small (curve b in Fig. 5 ). However, with the addition of H2O2, a drastic increase in the response current was observed at a Hb/GNPs/DAH modified electrode (Fig. 5 curve c) . This result suggested that the reduction of H2O2 at both DAH/GCE and GNPs/DAH/GCE were ineffective. When Hb was immobilized on the electrode through GNPs, a good biocompatibility of GNPs allowed them to achieve direct electron transfer between Hb and the underlying electrode, thus improving the electrocatalytic activity of Hb towards the reduction of H2O2. 12 A possible catalytic mechanism of immobilized Hb to H2O2 may be simply shown as follows: 21 Heme-Fe 2+ + H2O2 → Heme-Fe 3+ + H2O, Heme-Fe 3+ + e − → Heme-Fe 2+ .
Optimization of the experimental parameters
The pH value is one of the parameters that affect the response of Hb/GNPs/DAH/GCE to H2O2. Figure 6 illustrates the effect of the pH value on the reduction current of 0.014 mM H2O2 at a Hb/GNPs/DAH modified electrode. The optimum response was obtained in PBS with a pH value of between 6.5 and 7.0 at an applied potential of −0.64 V. Considering that many heme protein-based H2O2 sensors were applied and investigated under physiological conditions, we selected PBS at pH 7.0 as the working buffer solution in the following measurements.
The dependence of Hb/GNPs/DAH/GCE on the applied potential for the amperometric determination of H2O2 is shown in Fig. 7 . The reduction of H2O2 had already been observed at around −0.35 V, and the steady-state current increased rapidly as the applied potential moved negatively from −0.35 to −0.9 V. In this work, we chose −0.64 V as the working potential, to avoid some possible interference from other electroactive species, and lower the background current and the noise levels.
Amperometric response of the biosensor to H2O2
The amperometric response of a biosensor i.e. Hb/GNPs/ DAH/GCE was investigated by successively adding H2O2 to a continuous stirred PBS solution under the optimized conditions. The corresponding typical current-time curve is depicted in Fig. 8 . A quick response to the addition of H2O2 was observed at this Hb/GNPs/DAH/GCE. Within 5 s, a steady catalytic current was obtained after injecting H2O2 each time. The catalytic current was linearly proportional to the H2O2 concentration from 1.5 × 10 −6 to 2.1 × 10 −3 M with a correlation coefficient of 0.998 (n = 24) (Fig. 8 inset) . The detection limit was estimated to be 8.8 × 10 −7 M (based on the S/N = 3).
Reproducibility and stability
To elucidate the reproducibility of the biosensor, repetitive measurements were carried out in 1.4 mM H2O2. The results of 10 successive measurements showed a relative standard deviation of 3.3%. Also, the proposed biosensor showed good stability. When the electrode was stored in a refrigerator at 4˚C, measured every 2 days, no obvious change was observed for the response to 0.7 mM H2O2 during the first 2 days. After 10 days of storage the biosensor retained 93% of its initial response and 80% for one month.
Hb was immobilized on GNPs/DAH/GCE for preparing an amperometric biosensor for hydrogen peroxide. An effective direct electrocatalysis of Hb towards the reduction of H2O2 was achieved on this electrode. The low detection limit, good reproducibility and stability of the proposed biosensor provided a novel and promising platform for the detection of H2O2.
